The metastatic cascade is a complex and extremely inefficient process with many potential barriers. Understanding this process is of critical importance because the majority of cancer mortality is associated with metastatic disease. Recently, it has become increasingly clear that microRNAs (miRNA) play important roles in tumorigenesis and metastasis, yet few studies have examined how germline variations may dysregulate miRNAs, in turn affecting metastatic potential. To explore this possibility, the highly metastatic MMTV-PyMT mice were crossed with 25 AKXD (AKR/J Â DBA/2J) recombinant inbred strains to produce F1 progeny with varying metastatic indices. When mammary tumors from the F1 progeny were analyzed by miRNA microarray, miR-290 (containing miR-290-3p and miR-290-5p) was identified as a top candidate progression-associated miRNA. The microarray results were validated in vivo when miR-290 upregulation in two independent breast cancer cell lines suppressed both primary tumor and metastatic growth. Computational analysis identified breast cancer progression gene Arid4b as a top target of miR-290-3p, which was confirmed by luciferase reporter assay. Surprisingly, pathway analysis identified estrogen receptor (ER) signaling as the top canonical pathway affected by miR-290 upregulation. Further analysis showed that ER levels were elevated in miR-290-expressing tumors and positively correlated with apoptosis. Taken together, our results suggest miR-290 targets Arid4b while simultaneously enhancing ER signaling and increasing apoptosis, thereby suppressing breast cancer progression. This, to the best of our knowledge, is the first example of inherited differences in miRNA expression playing a role in breast cancer progression. Cancer Res; 73(8);
Introduction
The metastatic cascade is a complex and extremely inefficient process with many potential barriers. Because as much as 90% of cancer-associated mortality is associated with metastatic disease rather than primary tumor burden, understanding the molecular mechanisms and pathways exploited by cancer cells during the metastatic process is of critical importance. Decades of metastasis research have led to a variety of different models of the metastatic process (1) . Although the metastatic process likely involves a combination of models, our laboratory has focused on inherited genetic variants that influence metastatic potential (2) . These efforts have resulted in the identification of a number of genes associated with metastatic potential in both mouse and humans (2) (3) (4) (5) . As these genes do not appear to be frequently somatically mutated in breast cancer, identification and characterization of inherited metastasis susceptibility genes provide novel insights into the mechanisms underlying the terminal stages of breast cancer progression.
More recently, there has been a significant interest in characterizing the role of microRNAs in tumor progression. The discovery of microRNAs (miRNA-small, noncoding RNAs) in 1993 sparked a paradigm shift in our understanding of gene regulation. Initially, miRNAs were classified as functionless stretches within "junk DNA" but are currently viewed as powerful regulators of gene expression as it relates to cellular development, death, and proliferation (6) , as well as disease (7) . Because miRNAs negatively regulate gene expression posttranscriptionally, they can act as either tumor suppressors or oncogenes (8) , depending on their gene targets and cellular context (9) . Recently, much attention has been focused on the role dysregulated miRNAs have on tumorigenesis (10) and metastasis (11) and whether miRNA profiles can be used for diagnosis and prognosis in cancer (12) . Most interesting, germline mutations in microRNAs have been associated with skeletal and growth defects (13) , chronic lymphocytic leukemia (CLL; ref. 14) , and breast cancer (15) , thereby supporting the notion that germline mutations in certain miRNAs may create a predisposition towards tumorigenesis.
In this study, we analyzed miRNA expression levels in the mammary tumors of the (PyMT Â AKXD) F1 progeny described previously (16) to determine whether a link exists between inherited differences in miRNA expression and mammary tumor progression. We provide evidence that miR-290-3p, a member of the pluripotency miR-290-295 cluster (17) (18) (19) , an ortholog of the human miR-371-373 cluster (19) , is differentially expressed between the highly metastatic AKR/J and poorly metastatic DBA2/J strains of mice. Increased expression of miR-290 suppresses tumor growth and progression in a tumor autonomous manner, in part, by targeting the recently described tumor progression gene, Arid4b (20) . To the best of our knowledge, this is the first example of an inherited miRNA expression difference being associated with tumor progression.
Materials and Methods

Cell lines
All cells were cultured in Dulbecco's Modified Eagle's Media (DMEM) with 10% FBS and antibiotics. Puromycin was used for selection.
Mouse strains
The AKXD RI mice were generated as described (21) . The PyMT mouse strain FVB/N-TgN(MMTV-PyVT) 634Mul (22) was then bred to 18 of the AKXD RI strains to generate 18 (PyMT Â AKXD) F 1 sublines (16) .
miRNA microarray analysis of AKXD RI tumors
The LMT_miRNA_v2 microarray was designed using the Sanger miR9.0 database (http://microrna.sanger.ac.uk) and manufactured as custom-synthesized 8 Â 15K microarrays (Agilent Technologies). Each mature miRNA was represented by þ and À (reverse complement) strand sequences. Each probe has 4 replicates within each microarray, providing technical replicates for consistency and performance of the microarray. Each unique mature miRNA was represented by 8 probes (4 þ strand and 4 À strand). A total of 3,556 unique LMT seq IDs (miRNA, positive and negative controls, AEstrand) were on the microarray, each with 4 replicates.
Total RNA (1 mg) was labeled using the miRCURY LNA microRNA Array Power Labeling Kit (Exiqon Inc.). The 3 0 -end of the RNA was enzymatically labeled with Hy3 for the sample RNA and Hy5 fluorescent dye (Exiqon) for the reference RNA (Ambion reference RNA) and cohybridized onto the microarrays. The washed and dried slides were scanned using the Agilent scanner. The Feature Extraction program extracted spot intensities. The log 2 ratio of all signals was used for data analysis.
mRNA microarray analysis of 6DT1 miRNA tumors
The Agilent 2100 Bioanalyzer (Agilent Technologies) verified that each sample RNA had a high quality score (RIN >9). The RNA (100 ng) was reverse-transcribed and amplified using the Ambion WT Expression Kit. Sense strand cDNA was fragmented and labeled using the GeneChip WT Terminal Labeling and Controls Kit. Four replicates of each sample were hybridized to GeneChip Mouse Gene 1.0 ST Array in the GeneChip Hybridization Oven 645 while shaking at 60 rpm at 45 C for 16 hours. Washing and staining were conducted on the GeneChip Fluidics Station 450 and scanned on the GeneChip Scanner 3000. Data were collected using the GeneChip Command Console Software (AGCC). All reagents, software, and instruments used, except for the Agilent 2100 Bioanalyzer, were from Affymetrix.
RNA isolation
Tumors were snap-frozen upon harvesting and stored at À80 C. All tumors were homogenized on dry ice in an RNasefree environment. The RNA was isolated using the mirVana miRNA Isolation Kit (Ambion). The RNA for all remaining samples, including cell lines, was isolated using the RNAeasy Kit (Qiagen).
Quantitative real-time PCR and Western blot
Total RNA was reverse-transcribed with iScript cDNA Synthesis Kit (Bio-Rad) and PCR-amplified using QuantiTect SYBR Green PCR Kit (Qiagen) on the Applied Biosystems 7900HT Fast Real-Time PCR System (Applied Biosytems). The standard curve method was used for quantitation and normalized to endogenous control Ppib levels. TaqMan MicroRNA Assays (Applied Biosystems) were used to measure miRNA expression. Expression of miRNA was defined from the threshold cycle, and relative expression levels were calculated using the 2 À DDC t method (23) Western blotting with Arid4b was conducted as described in (20) . For the remaining Western blotting, a PARP antibody (#9544, Cell Signaling) and an estrogen receptor (ER)-a antibody (ab2746, Abcam) were used. Protein lysate was generated from tumors by homogenizing in radioimmunoprecipitation assay (RIPA) buffer without detergents. Detergents were subsequently added (1% NP-40, 0.5% Na deoxycholate, and 0.1% SDS) after homogenizing. Western blot bands were quantified using ChemiDoc-It Imaging System with VisionWorks LS software.
Generation of stable cell lines
The pEZX-MR06 plasmids (GeneCopoeia) that contained either miR-290 or a scrambled insert were transformed into GCl-L3 chemically competent Escherichia coli cells (GeneCopoeia) and purified using Plasmid Midi Kit (Qiagen). Two days before transfection, 293ta packaging cells (GeneCopoeia) were plated in a 10-cm dish with DMEM and 10% heat-inactivated FBS. The cells were transfected at 70% to 80% confluency according to the manufacturer's instructions in the Lenti-Pac FIV Expression Kit (GeneCopoeia). Mvt-1 and 6DT1 cells were transduced using 200 mL of purified lentivirus and polybrene. Media containing puromycin were applied 5 days posttransduction. Stable clones were generated by plating 5 cells/mL of media in each well of a 96-well plate. Fresh media containing puromycin were added to each well 48 hours later. When the cells were approximately 80% confluent, they were collected and transferred to a T25 flask.
In vivo analysis
FVB/N (24) female mice at 6 weeks of age were orthotopically injected with 1.0 Â 10 5 cells. Mice were euthanized 30 days after injection of 6DT1 cells and 42 days after injection of Mvt-1. Mammary tumors were removed and weighed, and each lung was analyzed for surface metastases and internal metastasis after histologic sectioning: calculated as the mean number of metastases detected from 3 separate lung sections having 20 sections between each section.
Luciferase reporter assays
HEK293T cells were seeded in a 24-well plate and a construct containing the full-length 3 0 -untranslated region (UTR) of human ARID4B adjacent to the Renilla gene (SwitchGear) was cotransfected with 50 nmol/L of miRIDAN miRNA mimic (Dharmacon) and a control vector pGL4.13 [luc2/SV40] (Promega) using DharmaFECT DUO (Dharmacon) when the cells were !80% confluent. After 24 hours, the plate was stored at À80 C overnight. The following day, the cells in each well were mixed by pipetting and then divided evenly. Half of the sample was treated with Steady-Glo reagent (Promega) and the remaining half was treated with LightSwitch reagent (Switchgear). All samples were quantified using the Lumat LB 9507 (EG&G Berthold) luminometer, and the Renilla luciferase activity was normalized to the Firefly luciferase activity. miR-IDAN miRNA mimic negative control was used as the control miRNA. Experiments were carried out in triplicate.
Statistical and bioinformatic analysis
Error bars depict SEM. GraphPad Prism was applied to calculate statistical significance. The in vivo data were analyzed using Mann-Whitney whereas remaining calculations were conducted using the unpaired Student t test. Microarray data were analyzed using Partek Genomics Suite. Differentially expressed genes were identified with ANOVA analysis; genes with a P < 0.05 were considered significant. Significant genes were analyzed for pathway enrichment using Ingenuity Pathway Analysis (IPA) software. The MFold program was used to determine the structure of mmu-miR-290. TargetScan, miRDB, and microRNA.org were applied using default parameters.
Ã , P < 0.05; ÃÃ , P < 0.01; ÃÃÃ , P < 0.001.
Site-directed mutagenesis
Site-directed mutagenesis was conducted using high-fidelity DNA polymerase, ARID4B 3 0 -UTR vector (#S210100, SwitchGear Genomics), and 2 synthetic oligonucleotide primers containing the desired mutation in a temperature cycler. The mutagenesis reaction was transformed into DH5a supercompetent cells and then the mutant plasmid DNA (isolated from a single colony) was verified by DNA sequencing.
Results
miR-290 expression is significantly correlated with tumor latency and metastatic index
Previously, the highly metastatic FVB/N-TgN (MMTVPyMT) mice were crossed with 18 AKXD RI (AKR/J Â DBA/ 2J) strains to map modifiers associated with tumor latency, tumor burden, and metastatic index (Supplementary Fig. S1 ; ref. 16 ). To identify miRNAs that might contribute to metastatic progression, we evaluated miRNA expression levels within all mammary tumors by miRNA microarray. The miRNA microarray data were analyzed using Partek Genomics Suite software and correlated with tumor burden, tumor latency, and metastatic index [log 2 (number of metastases/lung area (mm 2 )); Table 1 ]. One-way ANOVA revealed a significant positive correlation between miR-290 and latency and a significant negative correlation with metastatic index. Furthermore, 2-way ANOVA analysis produced a significant negative correlation between miR-290 with metastatic index and tumor burden; and metastatic index and latency. Finally, 3-way ANOVA analysis produced a significant negative correlation between miR-290 with metastatic index, latency, and tumor burden. Importantly, these ANOVA results suggested that miR-290 may play a suppressor role in during breast cancer progression. The structure of miR-290 includes 2 functionally active mature miRNAs: miR-290-3p and miR-290-5p (Supplementary Fig. S2 ). To validate the microarray findings and determine whether only one or both of the mature miRNAs are correlated with tumor progression, the expression levels of miR-290-3p and miR-290-5p were compared in mammary tumors from AKXD strain #18 (the most metastatic) and AKXD strain #22 (the least metastatic; Fig. 1A ). The miR-290-3p expression was downregulated more than 50% in AKXD strain #18 than in AKXD strain #22. In contrast, miR-290-5p displayed virtually no expression difference between the 2 strains. Likewise, the expression levels of miR-290-3p and miR-290-5p were evaluated in mammary tumors from the AKXD parental mouse strains, the highly metastatic AKR/J mice, and poorly metastatic DBA/2J mice (Fig. 1B) . Consistent with an antimetastatic role, the expression of miR-290-3p was downregulated 70% in the AKR/J tumors compared with the DBA/2J tumors, whereas miR-290-5p was only slightly downregulated. Finally, to explore whether certain genetic strains may contain a predisposition toward tumorigenesis and metastasis through an inherited up-or downregulation of specific miRNAs, miR-290-3p expression was measured in normal mammary and normal lung tissue from AKR/J mice and DBA/2J mice (Fig. 1C) . Interestingly, both tissues displayed more than 50% downregulation of miR-290-3p expression in the AKR/J mice, thereby supporting a potential predisposition toward breast carcinogenesis in the AKR/J strain. Taken together, these results further suggested miR-290-3p may act as a tumor and metastasis suppressor miRNA and thereby warranted further investigation.
miR-290 suppresses mammary tumor progression
To determine the phenotypic effects of miR-290 expression on breast cancer progression in vivo, a lentivirus construct was used to upregulate miR-290 expression in the highly metastatic mouse mammary tumor cell lines 6DT1 and Mvt-1 (Supplementary Table S1 ). Heterogeneous populations expressing the miR-290 construct were injected orthotopically into the mammary fat pad of FVB/N mice. In vivo analysis showed that miR-290 expression in the 6DT1 cell population significantly decreased the primary tumor weight approximately 50% ( Fig. 2A ) and the number of lung metastases from approximately 7 lesions per lung section to zero lesions (Fig. 2B) . Likewise, miR-290 expression in the Mvt-1 cell population reduced primary tumor weight by approximately 50% (Fig.  2C ) and the number of lung metastases from approximately 5 lesions to zero lesions (Fig. 2D) .
To confirm these results and eliminate any potential bias due to population heterogeneity, single-cell clones were generated from both the Mvt1 and 6DT1 heterogeneous populations and injected as above. The results were even more dramatic with mammary tumor burden reduced 75% (Fig. 2E ) and the average number of lung lesions reduced from 10 to zero (Fig. 2F) for the miR-290 6DT1 clone. Similarly, the Figure 1 . miR-290-3p and miR-290-5p expression analysis in mammary tumors and normal tissues. A, miR-290-3p expression was measured in mammary tumors from the highly metastatic AKXD strain #18 versus the less metastatic AKXD strain #22 and in the highly metastatic AKR/J strain (n ¼ 5; B) versus the less metastatic DBA/2J strain (n ¼ 4). C, miR-290-3p expression was measured in normal lung and normal breast tissues from the AKR/J versus the DBA/J strain. RNA from the AKXD samples was analyzed 5 times via qRT-PCR. Ã , P < 0.05, ÃÃ , P < 0.01; ÃÃÃ , P < 0.001.
miR-290 Mvt-1 clone displayed an 80% reduction in primary tumor size (Fig. 2G ) and an average of 1 versus 4 lung lesions in the negative control (Fig. 2H) . To be sure miRNA expression was maintained after orthotopic injection, the mammary tumors generated from the 6DT1 clones were analyzed. Expression analysis showed all the miR-290 tumors displayed elevated miR-290-3p and miR-290-5p expression compared with the negative control tumors (Supplementary Fig. S3 ).
miR-290-3p targets breast cancer progression gene Arid4b
To identify interesting potential targets of miR-290-3p, bioinformatic analysis using TargetScan, miRDB, and micro-RNA.org was applied. Targetscan and miRDB identified Arid4b as the top target, whereas microRNA.org identified Arid4b as the second-ranked target (Table 2) . Interestingly, elevated levels of Arid4b have been previously linked to breast (25, 26) , and recent studies in our laboratory have shown that Arid4b promotes breast cancer progression (20) . Therefore, analysis was conducted to determine whether miR-290-3p might inhibit mammary cancer progression, in part, by suppression of Arid4b.
First, Arid4b RNA levels were compared in the clones and heterogeneous populations. Expression analysis detected an approximate 50% reduction in Arid4b mRNA levels (Fig. 3A) and a 10% to 30% reduction in protein levels (Fig. 3B) in the miR-290-upregulated cells. Next, to determine whether miR-290-3p directly targets the 3 0 -UTR of Arid4b, a luciferase construct containing the 3 0 -UTR of Arid4b was transfected with an miRNA-negative control mimic, an miR-290-3p mimic, or an miR-290-5p mimic; a 50% reduction in luciferase activity was observed only with the miR-290-3p mimic (Fig. 3C) . To further show that miR-290-3p interacts directly with 2 seedbinding regions within the Arid4b 3 0 -UTR, 2 point mutations were generated in each seed-binding region and were denoted as Mut123 and Mut1110 (Fig. 3D) . Although a significant reduction in luciferase activity was observed for the WT construct, high luciferase activity was maintained in all of the mutants (Fig. 3E) , thereby supporting the direct interaction between miR-290-3p and these 2 targeted regions within the Arid4b 3 0 -UTR.
miR-290 upregulates ER expression, ER signaling, and ER-associated apoptosis
Because miRNAs affect numerous signaling pathways and genes, rather than a single gene, and because the tumor microenvironment can dramatically influence gene expression, cDNA microarray analysis was conducted on the tumors generated from the 6DT1 clones. These samples were chosen because they displayed the greatest suppression of pulmonary metastasis (Fig. 2F ) and because they were previously shown to maintain miR-290 expression within the individual tumors ( Supplementary Fig. S3 ). A total of 4 negative control tumors and 3 miR-290-expressing tumors (the remaining 2 tumors were too small for analysis) were arrayed.
Bioinformatic analysis of the 6DT1 tumors generated a list of 7,015 differentially regulated genes (P < 0.05) with fold-changes between approximately À6-fold to 74-fold in the miR-290 tumors (Supplemental Table S2 ). The top 10 downregulated genes included granzyme D and E precursors and mast cell protease 1 precursor. The list of top 10 upregulated genes included the metabolism-associated genes Cyp2e1 and Ces1d. Interestingly, many genes associated with adipocytes were upregulated in the miR-290 tumors: Retn (27) and Cfd (28) are both secreted by adipocytes; Adipoq (29) is expressed exclusively in adipose tissue and has anti-inflammatory activities (30); lgals12 is a primary regulator of the early stages of adipose tissue development (31) ; and finally, Cidec may mediate adipocyte apoptosis (32).
The expression data were then processed using IPA to identify biologic functions associated with miR-290 expression; a total of 38 dysregulated canonical pathways (P < 0.01) were identified. The most significantly dysregulated pathways identified were pyrimidine and purine metabolism, aminoacyltRNA biosynthesis, cell-cycle control of chromosomal replication, assembly of RNA polymerase II complex, nucleotide excision repair pathway, and a number of pathways associated with breast cancer and ER signaling: hereditary breast cancer signaling, role of BRCA1 in DNA damage response, estrogenmediated S-phase entry, and ER signaling (Fig. 4A) . Dysregulation of the ER signaling pathway in the miR-290 tumors was further validated by measuring the expression level of a subset of genes within the ER signaling pathway (EGFR, C3, DLC1, IL6ST, IL2RA, CDH1; refs. 33, 34) via microarray and quantitative RT-PCR (qRT-PCR; Supplementary Fig. S4 ). Furthermore because ER signaling was the most significantly dysregulated, we sought to understand whether the enhanced signaling was a consequence of upregulated ER expression. For this, we analyzed the mRNA levels observed in the microarray results (Fig.  4B ) and validated those via qRT-PCR (Fig. 4C) ; both methods confirmed ER upregulation in the miR-290 tumors. Likewise, Western blot analysis (Fig. 4D) confirmed significantly elevated ER levels in the miR-290 tumors (Fig. 4E) . Furthermore, because previous publications have documented a link between elevated ER signaling and apoptosis (35, 36) , this relationship was explored in vivo. Apoptosis was measured via Western blotting in the 6DT1 tumors through detection of the 89-kDa PARP fragment resulting from caspase cleavage (Fig. 5A) . Interestingly, a significantly elevated level of apoptosis was observed in the miR-290 tumors (Fig. 5B ) that was positively correlated with ER expression (r 2 ¼ 0.711; Fig. 5C ).
Discussion
Metastasis is a complex phenotype that requires many molecular and cellular events. Recent evidence suggests that in addition to tumor cell autonomous events, such as somatic mutation, nontumor cells and tissues also play a significant role in tumor progression. Cancer initiation and metastasis should therefore be considered a disease of the whole organism, rather than focused on the loss of proliferative control in an individual tissue. As a consequence, a complete understanding of the metastatic process requires better characterization of factors that influence the biology of the entire organism not just a specific cell or tissue type.
In addition to key environmental factors that affect organismal biology, genetic background is an underappreciated factor that can dramatically influence tumor initiation and progression. By influencing gene expression and efficiency of gene function, inherited polymorphisms determine not only the morphologic features that make individuals unique but also establish the spectrum of sensitivity or resistance to particular disease states, such as cancer, heart disease, diabetes, etc. Along these lines, studies from our laboratory have previously established the strong relationship between genetic predisposition and the metastatic process (37) . Therefore, the identification and characterization of polymorphic factors that establish sensitivity or resistance to metastatic disease should in turn provide invaluable incite about the mechanistic basis of tumor dissemination and progression. 0 -UTR of ARID4B were identified and then mutated using 2 point mutations each. E, luciferase activity was measured for the WT 3 0 -UTR of ARID4B and the mutants after miR-290-3p transfection. Ã , P < 0.05; ÃÃ , P < 0.01; ÃÃÃ , P < 0.001.
Our laboratory previously focused on how polymorphisms can influence the metastatic function of protein-coding genes. Yet recent evidence has shown that miRNA dysregulation can significantly alter signaling networks thereby affecting tumor progression and metastasis (38) . We therefore extended our research focus to explore whether constitutional differences in miRNA expression might influence the metastatic potential of mammary tumors. This involved profiling miRNA expression across an AKXD recombinant inbred genetic reference panel to identify miRNAs that are associated with metastatic progression. The AKXD RI panel consisted of 20 substrains of mice derived from an original cross between the high metastatic AKR/J and low metastatic DBA/2J inbred strains of mice (21) . By profiling miRNA expression across this panel, we observed a correlation between miR-290 expression and metastatic burden, thus suggesting that miR-290 is a potential metastasisassociated miRNA. Subsequent in vivo analysis confirmed miR-290 suppresses breast cancer progression through suppression of both primary and metastatic tumor growth. In addition, analysis of nonneoplastic tissues from AKR/J and DBA/2J mice showed that differential expression of miR-290 exists before oncogenesis, thereby suggesting that miR-290-associated suppressive effects are, at least in part, an inherited rather than a purely somatic event, yet the exact nature of the expression polymorphism has not been established.
When bioinformatics analysis was conducted to establish a mechanistic basis for the suppressive effect of miR-290, the recently described metastasis susceptibility gene Arid4b (20) was unexpectedly identified as a top target, and the direct targeting was subsequently validated by luciferase assay. Arid4b had previously been identified as a potential metastasis susceptibility gene in our laboratory based on the strong correlation observed between Arid4b expression with both tumor growth and metastatic burden in the AKXD RI panel. either allele was found to increase tumor growth compared with the control. In contrast, knockdown of endogenous Arid4b reduced metastatic burden yet did not significantly affect primary tumor growth. Hence, the suppression of tumor growth and metastasis associated with miR-290-3p targeting of Arid4b is consistent with previous findings in our laboratory and suggests that the tumor suppression properties of miR-290 are at least partially related to Arid4b targeting. Although a part of the suppressive effect of miR-290-3p may be accounted for by Arid4b targeting, additional pathways are likely affected because, unlike the Arid4b knockdown, miR-290 expression significantly suppresses primary tumor burden. Along these lines, subsequent microarray analysis showed that miR-290 enhances ER expression and signaling. These unexpected results are particularly noteworthy because they are contrary to the currently accepted and long held belief that stimulation of ER by estrogen fuels cell proliferation and breast cancer progression (39) , thereby creating a vast industry focused on the development of antiestrogen therapies and aromatase inhibitors to block ERa activity (40, 41 ). Yet, as mentioned previously, some reports have documented the therapeutic benefits of high-dose estrogen therapy for treatment of breast cancer (42) (43) (44) , arguing that estrogen can collapse the enhanced survival pathways (i.e., HER2/neu and NF-kb) supported by exhaustive antiestrogen treatment while simultaneously promoting apoptosis by activating caspase-8 and synthesis of Fas receptor (35, 36) . Consequently, the activation of apoptosis as measured by PARP cleavage in miR-290-expressing cells is consistent with the latter scenario, which suggests this relationship may contribute to the tumorsuppressive effects observed.
Another potential mechanism of tumor and metastasis suppression by miR-290 is suppression of differentiation. Support for this mechanism comes from reports showing miR-290 is enriched in embryonic stem (ES) cells and reduced after differentiation (45) , and members of the miR-290-295 cluster make up greater than 70% of the miRNAs in ES cells (46) . In addition, current hypotheses suggest that cells at the invading fronts of tumor masses, as well as disseminating cells, undergo an obligate epithelial-to-mesenchymal transition and acquire stem cell-like characteristics. Once established in a secondary site, cells are thought to reverse this process to reestablish a more epithelial-like state before proliferation resumes. Furthermore, recent work on induced pluripotent stem cells (iPSC) suggests that miR-290 may play an important role in reprogramming and maintenance of a stem cell-like state. In short, reprogramming has been achieved when the 4 reprogramming factors OSKM (Oct3/4, Sox2, Klf4, and c-Myc) are ectopically expressed in mouse embryonic fibroblasts and human fibroblasts (47) . Reports show that c-Myc induces the expression of miRNAs associated with pluripotency such as the miR-290-295 (48), miR-302 (49) , and the miR-17-92 (50) clusters. Hence, sustained expression of miR-290 within tumor cells might inhibit the subsequent mesenchymal-to-epithelial transition required for tumor growth and proliferation at a secondary site.
In summary, we have shown that expression of miR-290 in highly metastatic breast cancer cell lines significantly decreases tumor progression. Moreover, our results suggest that inherited differences in expression of miRNAs, in addition to somatically acquired alterations in expression, may be important determinants of tumor progression. The precise mechanism for miR-290 tumor suppression is unclear but likely involves multiple factors, such as Arid4b targeting; enhanced ER signaling and apoptosis; and cellular reprogramming. Further research into each of these explanations is certainly required to determine whether any or a combination of these is a contributing to the effect. Nonetheless, the results described herein certainly spark future investigations by providing additional molecular insights into distinct factors that regulate breast cancer progression.
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